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Replication complexThe rubella virus (RUBV) nonstructural replicase proteins (NSPs), P150 and P90, are proteolytically processed
from a P200 precursor. To understand the NSPs' function in the establishment of virus RNA replication
complexes (RCs), the NSPs were analyzed in virus-infected cells or cells transfected with NSP-expressing
plasmids. In infected cells, P150 was localized in cytoplasmic foci at 24 hpi and in cytoplasmic ﬁbers, unique
to RUBV, by 48 hpi. RCs, marked by dsRNA, colocalized with P150-foci, but only occasionally with the
endosome/lysosome marker LAMP-2, indicating that RNA synthesis occurs at other sites rather than
exclusively in endosomes/lysosomes as was previously thought. An expressed cleavage-deﬁcient form of
P200 also localized to cytoplasmic foci, suggesting that the precursor is required for targeting to sites of RC
establishment. P150 was found to be the determinant of ﬁber formation and the NSP membrane-binding
domain was mapped to the N-terminus of P150.© 2009 Elsevier Inc. All rights reserved.Introduction
Rubella virus (RUBV) is the only member of the genus Rubivirus in
the family Togaviridae (Frey, 1994). RUBV is a positive-sense RNA virus
approximately 70 nm in diameter with an envelope made of host cell
membrane in which are embedded two virus-encoded glycoproteins,
E1 and E2. This envelope surrounds the nucleocapsid which is
assembled from multiple copies of the virus-encoded capsid (C)
protein and the genomic RNA. The genomic RNA is ∼10 kb long and
mimics cellular mRNA by having a 5′-cap and a 3′-polyA tail. The
genomic RNA contains two open reading frames (ORFs), but only the
5′ ORF is translated from this RNA, producing a large nonstructural
polyprotein replicase precursor called P200. This precursor is capable
of synthesizing a genome-length negative-sense RNA using the
infecting positive-sense genomic RNA as a template (Liang and
Gillam, 2001). P200 is subsequently cleaved into two nonstructural
replicase proteins, P150 and P90, a process that is catalyzed by a
protease embedded within the polyprotein. P150 contains methyl/
guanylyl-transferase and ADP-ribose phosphatase domains as well as
the protease, while P90 contains a helicase domain and the RNA-
dependent-RNA polymerase. Following cleavage, using the genome-
length negative-sense RNA as a template, two positive-sense RNAs are
synthesized: the genomic RNA and a subgenomic RNA (Liang and
Gillam, 2001). The latter species contains the 3′ ORF which encodes
the structural proteins, C, E2 and E1, in that order (Frey, 1994). These
structural proteins and the genomic RNA form the virion within thell rights reserved.Golgi, where they bud and migrate to the plasma membrane for
export from the cell (Hobman, 1993; Hobman et al., 1993, 1995).
Little is known about how the RUBV nonstructural replicase
proteins establish the replication complexes (RCs) inwhich viral RNAs
are synthesized. All positive-sense RNA viruses synthesize their RNA
in association with internal membranes of the host cell (Novoa et al.,
2005). RNA replication in RUBV-infected cells has been reported to
take place in membranous spherules that line the interior surface of
“cytopathic vacuoles” (“CPVs”) which are thought to be derived from
late endosomes and lysosomes (Magliano et al., 1998). By 48 h post-
infection (hpi), RUBV also produces a ﬁbrous network in the
cytoplasm that reacts with P150-speciﬁc antibodies (Forng and Frey,
1995; Kujala et al., 1999). Electron microscopy revealed these ﬁbers to
be long, tubular, membranous structures. Newly synthesized virus
RNA colocalized with these ﬁbers, suggesting that they may be
additional sites of virus replication.
Members of the alphaviruses, the other Togavirus genus, also
establish RCs that are thought to reside within late endosome- and
lysosome-derived CPVs (Froshauer et al., 1988). However, this
supposition has recently been called into question because RCs were
shown to also form independently of endosomes or lysosomes during
Sindbis virus (SINV) infection (Gorchakov et al., 2008). The alpha-
viruses have genomic coding and replication strategies similar to
RUBV, but the two genera are only distantly related, sharing no
sequence homology at either the nucleotide or amino acid level. A
prime example of this distance relevant to this study is that
alphaviruses produce four nonstructural proteins (nsPs 1–4) from
the nonstructural polyprotein precursor (P1234), rather than two as is
the case for RUBV (Kaariainen and Ahola, 2002). P1234 of the Semliki
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terminal end within nsP1 that is thought to play a role in mediating
the association of the NSPs with membranes (Peranen et al., 1995).
Recently, the importance of this membrane-binding domain was
conﬁrmed as it was shown to be involved in localizing P1234 to the
proper intracellular targets and anchoring the replication complex to
the membrane (Spuul et al., 2007; Zusinaite et al., 2007). One of the
enzymatic functions of nsP1, capping the virus positive-sense RNAs, is
dependent on its ability to bind membranes (Ahola et al., 2000; Spuul
et al., 2007). Similar to the alphavirus P1234 precursor, the putative
RUBV capping enzymes lie at the N-terminus of P200 within P150
(Rozanov et al., 1992), suggesting that, despite the distant relatedness
of these viruses, the determinants for membrane association of the
RUBV NSPs may reside near this locale within P150. Unlike RUBV,
ﬁbers containing one or more of the NSPs are not produced in
alphavirus-infected cells.
To gain understanding into the function of the RUBV NSPs in the
establishment of RCs in infected cells, including the association with
membranes and formation of ﬁbers, these proteins were analyzed
during infection and in cells transfected with NSP-expressing
plasmids. To our surprise, we found that the majority of RCs in
infected cells did not localize to endosomes or lysosomes, bringing
into question the supposition that RUBV RNA replication occurs
exclusively at these sites. Using NSP-expressing plasmids, we found
that a cleavage-deﬁcient mutant of P200, P200⁎, localized in
cytoplasmic foci similar to the pattern of RCs in infected cells at
24 hpi, suggesting that the precursor is required for targeting of the
NSPs to the sites of RC assembly. We found that P150 was the viral
determinant for ﬁber formation, ﬁnally and consistent with our
hypothesis, that P150 contained amembrane-binding domain at its N-
terminus.Results
Intracellular localization of P150, dsRNA, and LAMP-2 in Robo502-HA-
infected cells
We showed previously that incorporation of an HA tag at nt
1685 of the RUBV genome had no effect on virus replication (Tzeng
et al., 2006). The virus construct containing this tag, Robo502-HA, is
diagrammed in Fig. 1A (top). Anti-HA antibody was used to examine
Robo502-HA-infected cells by immunoﬂuorescence microscopy at
24 and 48 hpi. The immunoﬂuorescence patterns at 24 and 48 hpi
were similar to those previously reported for wtRUBV-infected cells
using polyclonal anti-P150 antibodies (Forng and Frey, 1995; Kujala
et al., 1999), namely, P150 localized to discrete foci at 24 hpi and to
ﬁbers by 48 hpi (Fig. 1A, bottom). It is to be pointed out that at both
times post-infection, both P200 and P150 are detectable however
P150 is the preponderant species (data not shown) and thus the
majority of the immunoﬂuorescence signal is due to P150. We next
looked for colocalization of RCs with both P150 and the presumptive
organelles on which they form, endosomes and lysosomes. It was
surprising to ﬁnd that at 24 hpi only a small percentage of the RC
signal (visualized with anti-dsRNA antibody) overlapped with the
endosomes or lysosomes (visualized with anti-LAMP-2 antibody)
(Fig. 1B, subpanels a–c). The signal for P150 at 24 hpi was consistent
with the dsRNA signal in that it, too, showed only a minor overlap
with endosomes or lysosomes (Fig. 1B, subpanels d–f). Examination
of the P150 and RC signals from infected cells revealed that the RC
signal overlapped completely with the P150 signal, however there
were P150 foci that did not coincide with RC signal (Fig. 1C,
subpanels a–c). Collectively, these data showed that while some RCs
in Robo502-HA-infected cells were associated with endosomes and
lysosomes, the majority were localized to other sites in the
cytoplasm that contained P150.NSP plasmid-based expression and intracellular localization
To determine the contribution of each NSP in forming the early foci
and late ﬁbers in the absence of RUBV infection, plasmids expressing
each of the NSPs were constructed. An additional construct, P200⁎,
was made that expressed P200 with a cleavage-deﬁcient phenotype
due to a mutation in the cleavage site. A diagram of these constructs is
displayed in Fig. 2A (left). In these constructs, P150 was HA epitope
tagged at the same site as in Robo502-HA. We have found that an
insertion of an epitope tag at nt 5040 in the P90 gene between the
helicase and RDRP domains in RUBV replicons (inwhich the structural
proteins are replaced with a reporter gene) did not affect replication
(unpublished data). Therefore, our initial constructs expressed P90
with an HA epitope tag at this site, but we also generated constructs
expressing P90 with a GFP tag at this site for ease of detection. These
differentially tagged P90 constructs behaved similarly in our experi-
ments and thus we only show the results for the GFP-tagged version.
The intracellular distribution of the expressed NSPs was studied
using ﬂuorescence microscopy to detect P150 stained with anti-HA
antibodies and the GFP reporter within P90. As shown in Fig. 2A
(right), P150 formed a ﬁbrous network in transfected cells, either
when expressed alone (subpanel a) or from P200 (subpanel b). These
ﬁbers were similar in appearance to P150-containing ﬁbers detected
in RUBV-infected cells at 48 hpi (Fig. 1A, subpanel b), suggesting that
P150 was the determinant in ﬁber formation. When P200 was
expressed, approximately 50% of P90 localized to P150 ﬁbers, while
the remainder was distributed evenly in the cytoplasm (subpanels b–
d). However, expression of P200⁎ (subpanels e–g) produced foci
similar to those observed in RUBV-infected cells at 24 hpi (Fig. 1A,
subpanel a). When expressed alone, P90 was evenly distributed in the
cytoplasm with no speciﬁc localization (subpanel h).
To determine whether P150 and P90 associated when expressed
from different plasmids, we co-transfected Vero cells with the P150-
HA and P90-GFP constructs. Fluorescence microscopy revealed that
P90 associatedwith the P150-induced ﬁbers (Fig. 2B, subpanels a–f) in
all of the co-transfected cells analyzed (n=30), the same as when
expressed coordinately from P200 (n=30) (Fig. 2A, subpanels b–d).
Given the lack of overlap in signal between RCs/P150 and
endosomes or lysosomes in virus-infected cells, we next tested the
colocalization of P200⁎ with these organelles. Consistent with our
ﬁndings on P150 in Robo502-HA-infected cells (Fig. 1C), P200⁎ was
not signiﬁcantly associated with endosomes or lysosomes (Fig. 2C,
subpanels a–c). However, in some instances the P200⁎ signal
appeared to encompass the outer regions of the LAMP-2 signal.
Membrane association of the NSPs
Based on the location of the membrane-binding domain at the N-
terminus of the alphavirus P1234 precursor (within nsP1), we
hypothesized that the corresponding domain for membrane associa-
tion of the RUBV NSPs is at the N-terminus of P200 (at the N-terminus
of P150). However, the only experimental evidence available on the
association of the RUBV NSPs with membranes are immuno-electron
micrographs that showed an association of P150 with membrane-like
structures (Kujala et al., 1999). Therefore, to test the association of the
RUBV NSPs with membranes, membrane ﬂotation assays were
performed on lysates of cells infected with Robo502-HA virus or
transfected with the NSP-plasmid expression constructs. A represen-
tative Western gel of proteins present in the low density (membrane-
associated proteins) or high density (soluble or insoluble nonlipid
proteins) fractions is shown in Fig. 3A. The percentage of each protein
in the low density fraction is displayed in Fig. 3B. Calnexin was the
control for the membrane fraction and GAPDH was a control for the
cytosolic fraction.
In Robo502-HA-infected cells, 45% of P200, 65% of P150 and 25% of
P90 were associated with membranes (Fig. 3B). When expressed
Fig. 1. Localization of P150 and dsRNA in RUBV-infected cells. (A) Vero cells infected by Robo502-HA (diagram of genome above images) at 24 hpi (subpanel a) and 48 hpi (subpanel
b) were stained green with anti-HA antibodies and anti-mouse conjugated FITC. In these experiments, an MOI of 1 pfu/cell is employed. Immunoﬂuorescence as detected by
antibodies against either P150 or dsRNAwas ﬁrst detectable at 24 hpi and thus this time point was considered “early”. The majority of the cells were positive by these two antibodies
at 48 hpi and this time point was used as “late”. It should be noted that RUBV infection of Vero cells is asynchronous. (B) Vero cells infected by Robo502-HA at 48 hpi were analyzed by
immunoﬂuorescence microscopy. Cells were probed with a combination of anti-HA (rat), anti-LAMP-2 (rabbit), and anti-dsRNA (mouse) antibodies. Subpanels a–c show LAMP-2
stained with anti-rabbit-FITC (green, subpanel a) and dsRNA stained with anti-mouse-TRITC (red, subpanel b), and the merged image in subpanel c. In subpanels d–f, LAMP-2 is
stained with anti-rabbit-TRITC (subpanel d) and P150 stained with anti-rat-FITC (subpanel e). The merged image is shown in subpanel f. Yellow arrows point to overlap in signal
between LAMP-2 and dsRNA or P150. (C) Co-staining of P150, using rat anti-HA and detected by anti-rat-FITC, subpanel a, and dsRNA (detected by anti-mouse-TRITC, subpanel b),
and the merged image in subpanel c. The nuclei were stained with Hoechst (blue). Bars represent 10 μM. Images were taken with a 100× objective using a Zeiss epiﬂuorescent
microscope attached to an Axiocam camera and software.
317J.D. Matthews et al. / Virology 390 (2009) 315–323independently from plasmids, 32% of P200⁎, 35% of P150 and only 1%
of P90 was in the membrane fraction (Fig. 3B). Cells expressing P200,
which is almost totally cleaved to P150 and P90, showed that 43% of
P150 and only 3% of P90 was associated with membranes (Fig. 3B).
Collectively, these results suggest that membrane contacts are within
the P150 domain, consistent with our hypothesis. Interestingly,
membrane association of all three NSPs, P200, P150 and P90, was
greater in virus-infected cells than in cells in which these proteins
were expressed in the absence of virus infection.
Membrane association domain at the N-terminus of P150
We were unable to ﬁnd signiﬁcant homologies between RUBV
P150 and the conserved nsP1 membrane-binding domain ofalphaviruses (aa 245–264 in SFV nsP1) (Spuul et al., 2007). PROSITE
queries did not yield hits revealing putative membrane-spanning or -
binding domains in P150. Furthermore, a Kyte–Doolittle hydropho-
bicity scan of P150 did not show any region of signiﬁcant
hydrophobicity. Therefore, deletion mutagenesis of P150 was used
to map the membrane-binding domain (Fig. 4). By testing each of
the C-terminal deletions of P150 using membrane ﬂotation assays,
we found that while it was not expressed as abundantly as the
parent (P150), 50% of the aa 1–820 fragment associated with
membranes (Fig. 4). Surprisingly, more than 80% of the aa 1–461
fragment was associated with membranes (Fig. 4), suggesting that a
domain in the C-terminus of P150 down regulated membrane-
binding. An aa 1–100 fragment did not signiﬁcantly associate with
membranes (Fig. 4), which suggested that the determinants for
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Fig. 3. Membrane association of RUBV nonstructural proteins. (A) Membrane ﬂotation
assay (LD=low density, HD=high density). Vero cells transfected with the indicated
constructs or infected with Robo502-HA were harvested at 24 h post-transfection or
48 h post-infection, respectively. The post-nuclear homogenates were adjusted to 65%
sucrose and overlaid with 55% sucrose solution and 10% sucrose layers. After
centrifugation, the upper LD layer (containing membranes and bound proteins) and
the lower HD fraction (containing soluble or insoluble nonlipid proteins). The
distribution of the RUBV NSPs between the fractions, as well as the cellular protein
calnexin (membrane-bound control) and GAPDH (soluble control), was determined by
Western blot following SDS-PAGE. P200, P200⁎ and P150 were detected with mouse
anti-HA antibody, P90 from RUBV was detected by rabbit GU10 antibody and P90-GFP
was detected by rabbit anti-GFP antibody. (B) Quantiﬁcation of distribution of the RUBV
NSPs in the membrane ﬂotation assay (A). Following Western blot, the amount of each
protein in the LD and HD fractions was quantiﬁed using Imagequant software. The
percentage of each protein in the LD fraction is shown. Each bar represents the average
of at least two experiments.
319J.D. Matthews et al. / Virology 390 (2009) 315–323membrane association were between aa 101 and 461 of P150.
However, the aa 101–1301 fragment did not associate with
membranes (Fig. 4). These results indicated that the N-terminal
100 aa of P150 were also required for membrane association,Fig. 2. Analysis of the expression and intracellular localization of RUBV nonstructural protein
epitope tag within P150 and GFP reporter within P90. The image(s) to the right of each cons
were stained with mouse anti-HA antibody and anti-mouse-FITC (green) or -TRITC (red)
microscopy. (B) Co-transfection of P150 and P90 constructs into Vero cells. 24 hours after tran
LAMP-2. Vero cells transfected with P200⁎ were ﬁxed at 24 h post-transfection. Green ﬂuo
(subpanel a). Cell nuclei were stained with Hoechst (blue) while lysosomes and late endoso
subpanel c is the merged image. These images were taken using a 100× objective on a Zeiss e
white bar represents 10 μm.suggesting that an appropriate conformation in aa 1–100was required
for membrane contacts within aa 101–461.
Characterization of the association between P150 and membranes
We next tested whether P150-membrane contacts were integral or
peripheral. Post-nuclear fractions of lysates from Robo502-HA-
infected cells at 48 hpi were subjected to high speed centrifugation
to separate membranes (pellet) from the cytosol (supernatant) (den
Boon et al., 2001). As shown in Fig. 5A, and consistent with the
membrane ﬂotation assay data, roughly 50% of P150 was in the
membrane fraction (pellet). The pellet was then subjected to
treatments that release peripheral (alkali) or integrally (nonionic
detergent) bound membrane proteins and then repelleted. As shown
in Fig. 5A, calnexin, an integral membrane protein, was resistant to
alkali treatment, but was extracted by Triton X-100. In contrast, very
little of P150 was extracted by alkali, but approximately 20% was
extracted by nonionic detergent, suggesting a remarkably tight
binding between P150 and membranes.
When plasmid-expressed P150 was subjected to the extraction
assay, before treatment approximately 80% was in the pellet fraction
(data not shown), and after treatment, 100% was retained in the pellet
(Fig. 5B), demonstrating that P150 could not be solubilized under
these conditions. We extended these ﬁndings by extracting live cells
transfected with the P150 plasmid with Triton X-100 at 25 °C. While it
was expected that GAPDH and calnexin would be extracted, we were
surprised to ﬁnd that the P150 ﬁbers were still intact (Fig. 5C,
subpanels c and d). This indicated that the pellet from Robo502-HA-
infected cell lysates (48 hpi) contained nonionic detergent-resistant
P150-ﬁbers.
Fibers require both the N and C-termini of P150
With the set of deletion mutants of P150 which alter membrane-
binding available (Fig. 4), it was of interest to determine the effect the
deletions had on the formation of P150-induced ﬁbers. As shown in
Fig. 6, subpanels a–c, deletion of either the C-terminus (subpanel b) or
N-terminal 100 aa (subpanel c) of P150 abolished ﬁber formation.
Thus, both the N- and C-terminal domains of P150 are required for the
formation of ﬁbers.
Discussion
The purpose of this study was to understand the roles of the RUBV
NSPs in RC establishment and maturation. We approached this
endeavor with a virus with an HA epitope tagged P150 (Robo502-
HA) and a set of plasmid-based NSP expression vectors. As was
reported previously for RUBV-infected cells, we found that at 24 hpi
P150 was present in cytoplasmic foci and at 48 hpi it was also present
in cytoplasmic ﬁbers. Interestingly, the expressed uncleaved P200⁎
precursor exhibited a pattern of cytoplasmic foci similar to those
observed in RUBV-infected cells at 24 hpi while following expression
of the P200 precursor, both of these proteins were present in ﬁbers.
This ﬁnding suggests that the P200 precursor is responsible for the
initial targeting of the NSPs. Similarly, for the alphavirus Semliki Forest
virus (SFV) it was shown that the uncleaved P123 precursor localized
to cytoplasmic foci while the independently expressed components,
nsP1, nsP2, and nsP3, each distributed in a unique pattern nots. (A) The left diagrams represent the NSP constructs used in this study, showing the HA
truct shows their intracellular localization 24 h after transfection of Vero cells. The cells
, while the nuclei were stained with Hoechst (blue), and examined by ﬂuorescence
sfection, P150 and P90 were detected as described above. (C) Localization of P200⁎ and
rescence in the P200⁎-transfected cells was from the GFP tag within the P90 sequence
mes were stained red with LAMP-2 rabbit antibody and anti-rabbit-TRITC (subpanel b).
piﬂuorescence microscope connected to an Axiocam camera and imaging software. The
Fig. 4. Mapping the membrane-binding domain in P150. Membrane ﬂotation assay results (left) for each of the C-terminal deletions of P150 (right) at 24 h post-transfection. Each
construct contained an HA tag and was detected by mouse anti-HA antibody. Calnexin was a membrane-fraction control (rabbit anti-calnexin), while GADPH (rabbit anti-GAPDH)
was included as a soluble control.
320 J.D. Matthews et al. / Virology 390 (2009) 315–323corresponding to the other proteins (Salonen et al., 2003). In both
cases the ultrastructure at the EM level of the cytoplasmic foci formed
by the precursor remains to be determined, however we showed that
they were not coincident with late endosomes and lysosomes.
Concerning the association of RUBV RCs and endosomes and
lysosomes, the initial study on RCs in RUBV-infected cells was done
by Lee et al. (1994), who demonstrated vacuolar CPVs with spherules
lining the inner surface of the vacuolar membrane. This same group
later determined that the CPVs originated from lysosomes (Magliano
et al., 1998). However, that study also identiﬁed RCs that were not of
lysosomal origin. Kujala et al. (1999) raised an anti-P150 antibody
and used it to show the presence of P150 in CPVs in RUBV-infected
cells by immuno-EM, the presence of P150 in cytoplasmic foci and
ﬁbers by immunoﬂuorescence (the colocalization of these foci with
endosomal/lysosomal markers was not done), and the colocalization
of P150 ﬁbers and BrUTP-labeled RNA at 48 hpi. In a recent study
(Fontana et al., 2007) using cells stably transfected with a RUBV
replicon (an infectious cDNA construct in which the structural
protein ORF is replaced by an antibiotic resistance gene), we showed
by immuno-EM that P150, P90 and dsRNA were present in CPVs. In
this study, we showed by immunoﬂuorescence that RUBV RC
localization does not largely coincide with endosomes and lyso-
somes. In total, these data indicate that RCs are established at other
cytoplasmic sites that appear to have been missed by electron
microscopy (i.e. sites other than CPVs) and thus need to be deﬁned.
Our ﬁndings are also consistent with those in the recent study by
Gorchakov et al. (2008) who found that in cells infected with the
alphavirus, Sindbis virus (SINV), the majority of RCs were not
associated with endosomes and lysosomes.
The RCs of positive-sense RNA viruses are associated with
membranes and the association of the RUB NSPs with membranes
required P150. The membrane-binding domain within P150 was
mapped to the N-terminal 461 aa, a region containing the putative
capping enzyme domain. Interestingly, there were no membrane-
binding domains within this region to be found by bioinformatics
algorithms. Similarly, the major membrane-binding domain in the
alphavirus nonstructural proteins has been deﬁned within nsP1, the
capping enzymewhich occupies the N-terminal 537 and 540 aa in SFV
and SINV, respectively, of the polyprotein precursor. SFV nsP1 also
lacks standard membrane-binding domains recognized by bioinfor-
matics algorithms and it was recently shown that it contains a series of
amphipathic helices, one of which was identiﬁed as a membrane-
binding domain crucial for membrane association (Ahola et al., 2000;
Spuul et al., 2007). Intriguingly, the membrane-binding domain of the
replicase proteins of brome mosaic virus, a member of the alphavirus
superfamily distantly related to RUBV and alphaviruses, is in the N-
terminal half of the 1a replicase protein near the methyl transferase
domain (den Boon et al., 2001; Kong et al., 1999).Membrane ﬂotation assays using lysates of RUBV-infected cells
showed that all three NSPs were in both the cytosolic and membrane
fractions. One scenario is that the cytosolic form of these proteins is a
precursor to the membrane-bound form, however another possibility
is that the cytosolic form is serving functions other than virus RNA
synthesis. A substantial amount of P150 did not colocalize with dsRNA
and this fraction could either be the nonmembrane-bound precursor
that had not yet formed the membrane-bound RC or a form involved
other functions. Recently, Gorchakov et al. (2008) demonstrated the
existence of two types of complexes containing the nsP3 protein in
SINV-infected cells, a complex associated with the plasma membrane
and endosomal-like vesicles which contained a high concentration of
dsRNA and a complex associated with the cytoskeleton and nuclear
matrix. Interestingly, membrane ﬂotation assays using cells trans-
fected with the RUBV NSP-expressing plasmids showed that the
precursor P200⁎ and P150 exhibited signiﬁcant membrane attach-
ment, albeit to a lesser extent than in virus-infected cells, but P90 did
not. Thus, P90 only associated with membranes during active virus
replication and the association of P200 and P150withmembraneswas
increased during active virus replication as well. Therefore, it appears
that an event in the virus replication cycle, e.g. RNA synthesis, is
necessary for generation of mature RCs.
The association of P150 with membranes in both RUBV-infected
cells and cells transfected with P150-expressing plasmids was very
tight. In fact, close to 80% of the P150 in the membrane-enriched
fraction of RUBV-infected cells was resistant to extraction by nonionic
detergent, a treatment to which integral membrane proteins are
sensitive. It is to be noted that the membrane association of the
hepatitis C virus NS5A and NS5B replicase proteins in infected cells are
also resistant to nonionic detergent extraction (Shi et al., 2003). Our
experiments on RUBV-infected cells were done at 48 hpi, a time point
when approximately 65% (n=100) of the infected cells exhibited
ﬁbers. In the case of plasmid-expressed P150, which formed ﬁbers in
transfected cells, 100% of the P150 in the membrane-enriched pellet
fraction was detergent resistant and the ﬁbers themselves were
detergent resistant. Thus, the ﬁbers appear to be a signiﬁcant com-
ponent of the detergent-resistant fraction of membrane-associated
P150. Whether, membrane-associated P150 not present in ﬁbers is as
tightly membrane associated as is the P150 in ﬁbers is not known. The
ﬁbers were previously described as membranous in nature (Kujala et
al., 1999) andwe observed proteinaceous arrays associated with linear
extended membranous “straight elements” emanating from CPVs
(Fontana et al., 2007). Our deletion analysis of P150 revealed that ﬁber
formation required both the N- and C-termini of P150, suggesting that
the ﬁbers are created by a head-to-tail interaction between P150
monomers in associationwith membranes. Two dimensional arrays of
replicase proteins have also been observed in poliovirus-infected cells
(Lyle et al., 2002). The association of Br-UTP-labeled RNAwith ﬁbers in
Fig. 5.Membrane association of P150. Vero cells were infected with Robo502-HA (A) or
transfected with CMV-P150 (B) and were harvested at 48 h post-infection or 24 h post-
transfection, respectively. From the post-nuclear supernatant, a 16k × g supernatant
(soluble) and pellet (membranous) was prepared and resuspended in 10 mM Tris pH
8.0 containing no additives (no treatment), 1 M NaCl, 100 mM Na2CO3 pH 7.2, or 1%
Triton X-100. After 30 min on ice, centrifugation was repeated and proteins in the
remaining pellet were adjusted to equal volumes as the supernatant, and both fractions
were resolved by SDS-PAGE and detected by Western blotting. In A, proteins present in
the 16k ×g supernatant are also shown. P150 was detected with mouse anti-HA
antibody. Cellular calnexin was probed as an integral membrane protein control (rabbit
anti-calnexin) and GAPDH (rabbit anti-GAPDH) as a soluble control. (C) Nonionic
detergent treatment (1% Triton X-100) of live P150-transfected cells at 25 °C. Subpanels
a and c show staining against GAPDH (red) (rabbit anti-GAPDH, anti-rabbit conjugated
TRITC) and P150 (green) (mouse anti-HA, anti-mouse conjugated FITC), before and
after detergent treatment, respectively. Subpanels b and d show calnexin (red) (rabbit
anti-calnexin, anti-rabbit conjugated TRITC) and P150 staining, before and after
treatment, respectively. Nuclei were stained with Hoechst (blue). Images were taken
with a 100× objective using a Zeiss epiﬂuorescence microscope attached to an Axiocam
camera and software. Bars represent 10 μM.
321J.D. Matthews et al. / Virology 390 (2009) 315–323RUBV-infected cells led Kujala et al. (1999) to hypothesize that the
ﬁbers were additional sites of virus RNA synthesis. Our ﬁnding that
P90, which contains the RDRP, expressed either coordinately or
independently with P150 associated with ﬁbers is consistent with this
hypothesis.
In conclusion, this study has shown that 1) the RUBV NSP
precursor is important in the initial localization of the NSPs; 2) the
membrane-binding domain lies at the N-terminus of this precursor
within P150; 3) RCs are established at sites other than endosomes and
lysosomes as had previously been supposed; 4) active virus replica-
tion, e.g., virus RNA synthesis, is necessary for generation of mature
RCs, and 5) P150 is the viral determinant of the cytoplasmic ﬁbers that
appear late in infection. Of these, the ﬁrst three correspond to ﬁndings
with the alphaviruses, indicating an evolutionary conservation of
function despite the genetic distance between these viruses. The
cytoplasmic ﬁbers are unique to RUBV and future work is necessary to
determine their structure and function.
Materials and methods
Antibodies and stains
The following antibodies were used in this study. Mouse mono-
clonal anti-HA (Roche), rat anti-HA (Roche), rabbit anti-GFP (peptide)
(Clonetech), rabbit GU-10 (anti-P90) (Forng and Frey, 1995), rabbit
anti-calnexin (Sigma), rabbit anti-GAPDH (Abcam), mouse anti-
dsRNA antibody (Scientiﬁc Consulting) and rabbit anti-LAMP-2
(Abcam). Secondary antibodies against mouse or rabbit conjugated
to FITC or TRITC were obtained from Sigma. Hoescht 33258 was
obtained from Invitrogen.
Cells and virus
African green monkey kidney (Vero) cells obtained from ATCC
were grown in DMEM (Mediatech, Inc.) containing 5% fetal bovine
serum and gentamycin and maintained at 35 °C with 5% CO2. An
infectious cDNA clone of the f-Therien strain of RUBV, called Robo502
and described in Tzeng and Frey ( 2002), was used in this study. An HA
epitope tag was inserted into the P150 gene in Robo502, creating
Robo502-HA, by replacing the fragment between AgeI and BglII in
Robo502 with one from Rubrep-HA/GFP (Tzeng et al., 2006).
Robo502-HA virus stocks were prepared as described previously
(Tzeng and Frey, 2002).
Plasmid construction and transfection
Parent expression plasmids, driven by the CMV promoter, for P200,
P150 and P90 are described in Tzeng and Frey (2003). To create P150
with an HA epitope, the fragment between AgeI and BglII in CMV-P150
was replaced with the corresponding fragment from Robo502-HA. To
create P90 with a GFP insert, consecutive SpeI and PstI sites were
introduced into CMV-P90 at the site corresponding to nt 5040 of the
RUBV genome. Next, the GFP insert was removed from DI-1.1G,
described in Tzeng and Frey (2006), by XbaI–NsiI digestion and
inserted into the SpeI–PstI site in CMV-P90. To create P200 with an HA
tag in P150 and a GFP insert in P90, ﬁrst the fragment between AgeI
and BglII in CMV-P200 was replaced with the corresponding fragment
from Robo502-HA. Next, the fragment between EcoRV and BglII in
CMV-P90-GFP (containing the GFP marker) was used to replace the
EcoRV–BglII fragment of CMV-P200. To create P200⁎, the fragment
between RsrII and EcoRV in G1301V (Tzeng et al., 2001) was
introduced at the corresponding sites in the P200 construct contain-
ing HA-tagged P150 and GFP-tagged P90.
The P150 deletion mutants were created as follows. The CMV-
P150-HA construct was used as a template for the following PCRs. The
1–820 aa construct was made by PCR-amplifying a DNA fragment
Fig. 6. Subcellular localization of N- and C-terminal deletion mutants of P150. Vero cells were transfected with the constructs shown: P150 or N- and C-terminal deletion mutants of
150. At 24 h post-transfection, the cultures were stained with mouse anti-HA antibody followed by anti-mouse conjugated FITC (green) and the nuclei were stained blue with
Hoechst. Subpanel a showswild-type P150, subpanel b is the C-terminal deletion mutant, and subpanel c is the N-terminal deletion mutant. Images were takenwith a 100× objective
using a Zeiss epiﬂuorescent microscope attached to an Axiocam camera and software. Bars represent 10 μM.
322 J.D. Matthews et al. / Virology 390 (2009) 315–323between the KpnI site (nt 1727 of the RUBV) and nt 2500. The reverse
primer had a stop codon followed by a BamHI restriction site. The
KpnI–BamHI restricted fragment was cloned into the KpnI–BamHI
sites in CMV-P150-HA (which has a BamHI site following the P150
coding sequence). The 1–461 aa construct was made by PCR-
amplifying a DNA segment between the AgeI site (nt 817) and nt
1420. The reverse primer had anHA tag followed by a stop codon and a
BamHI restriction site. The AgeI–BamHI restricted PCR fragment was
cloned into the AgeI–BamHI sites in CMV-P150. To create the 1–100 aa
construct, the DNA segment between theMfeI site (nt 127) and nt 340
were PCR ampliﬁed. The reverse primer in this reaction contained an
HA tag, a stop codon, and a BamHI restriction site. The MfeI–BamHI
restricted PCR fragment was cloned into the MfeI–BamHI sites of
CMV-P150. To create the 101–1301 aa construct, a PCR fragment
between nt 340 and the MluI site (nt 1081) was generated. The
forward primer in this reaction contained a SalI site followed by an
AUG codon. CMV-P150-HA contained a SalI site at the 5′ termini of the
P150 gene sequence. The SalI–MluI digested PCR fragment was
inserted into the SalI–MluI restricted CMV-P150 backbone. Primer
sequences are available from the authors upon request.
To transfect plasmid DNA into Vero cells grown at low density on
glass coverslips in 35-mm plates (1×104 cells) for microscopy, 3 μg of
DNA and 3 μl of Lipofectamine 2000 (Invitrogen) were mixed in 1 ml
of Opti-MEM (Invitrogen), allowed to incubate for 20 min and then
applied to cells. The cells were transfected for at least 4 h before being
returned to DMEM. For subcellular fractionation or membrane
ﬂotation, approximately 2 million cells were seeded in 100-mm
plates and transfected the following day with 20 μg DNA and 20 μlLipofectamine 2000 suspended in 4 ml of Opti-MEM for 4 h.
Experiments were done at approximately 24 h post-transfection.
Pelleting and membrane ﬂotation assays
Vero cells grown in 100-mm plates were transfected with plasmid
DNA or infected with Robo502-HA (MOI=1 pfu/cell). At 24 h post-
transfection or 48 h post-infection, the cells were scrapped in 1 ml of
low salt buffer (10 mM Tris pH7.5, 25 mM KCl, and 5 mM MgCl2) and
passed through a 26-1/2 gauge needle ten times. Unbroken cells and
nuclei were collected by centrifugation at 1k × g for 5 min. The
pelleting assays were carried out as described in den Boon et al.
(2001) with some modiﬁcations. Post-nuclear supernatants were
subjected to a 16k × g centrifugation for 30 min at room temperature.
The pellets were resuspended in a volume of buffer equivalent to the
supernatant fraction. To determine the solubility of proteins in the
pellet fraction, the resuspended pellets were adjusted to 1 M NaCl,
100 mM Na2CO3, pH 11.1, 1% Triton X-100 or left as is and then
repelleted. The membrane ﬂotation assays were carried out as
described (Imai et al., 2004), but with some modiﬁcation. The post-
nuclear fractionwas adjusted to 65% sucrose (total of 2 ml) and placed
at the bottom of a centrifuge tube. A 55% sucrose solution (2.5ml) was
overlaid onto the post-nuclear fraction, followed by 0.5 ml of a 10%
sucrose solution. Samples were subjected to approximately 20 h of
centrifugation at 150k × g using a Beckman ﬂoor model ultracen-
trifuge (Setting=41,000 rpm) with an SW50.1 rotor. After centrifuga-
tion, fractions were separated into high (bottom 2.5 ml) and low (top
2.5ml) density fractions. Each fractionwas diluted 5-foldwith low salt
323J.D. Matthews et al. / Virology 390 (2009) 315–323buffer (or 10 mM Tris pH 8.0) and adjusted to 20% trichloroacetic acid
(TCA). Precipitated proteins were collected by centrifugation at 17k ×g
for 30 min. Steps above were performed at room temperature except
for centrifugationwhich was carried out at 4 °C. The 17k ×g pellet was
resuspended in acetone and then collected in a pellet at 17k ×g for
5 min at 4 °C. Pellets were air dried and then resuspended in SDS-
PAGE sample buffer. All samples were heat denatured and equal
volumes were loaded and ran on SDS-PAGE. Western blotting,
performed as described previously (Tzeng et al., 2006), was used to
monitor protein partitioning. Calnexin and GAPDH were used as
controls for membrane and cytoplasmic fractions, respectively.
Microscopy
Analysis of cells at 24 h post-transfection or 24 or 48 h post-
infection was performed essentially as described in Fontana et al.
(2007). Brieﬂy, primary antibodies were diluted 1:1000 in PBS
containing 1% bovine serum albumin, and 0.25% saponin. Secondary
antibodies were diluted 1:3000. Antibodies were absorbed onto 1%
formaldehyde-ﬁxed, 0.25% saponin-permeabilized Vero cells that had
been transfected, infected, or mock-treated. Typical antibody incuba-
tion times were approximately 1 h at room temperature. Nuclei were
counter stained with Hoechst stain as recommended by the
manufacturer. Images were taken on a Zeiss microscope with
epiﬂuorescent capability.
Nonionic detergent treatment of cells expressing P150
Vero cells transfected as described above with the P150 construct
were processed for immunoﬂuorescence microscopy at 24 h post-
transfection. At this time, cells on coverslips were washed with PBS
and then exposed to 1% Triton X-100 for 5 min at 25 °C. The detergent
solutionwas removed and 4% formaldehyde in PBS was added to each
coverslip. Cells that were not treated with detergent remained in PBS
during this time. After ﬁxation the cells were processed as described
above for immunoﬂuorescence microscopy. To detect P150 the anti-
HA antibody was used (Roche) while anti-GAPDH (Abcam) and anti-
calnexin (Sigma) were used to detect protein controls. The nuclei
were stained with Hoechst.
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